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This  work  aims  at  improving  the  energy  harvester  performance  by  using  low-dimensional  thermoelectric 
materials.  A  micro-thermoelectric  generator  (pTEG)  with  quantum  well-like  thermocouples  is  devel¬ 
oped  by  state-of-the-art  CMOS  (Complementary  metal-oxide  semiconductor)  process.  A  relaxation-time 
model  is  applied  to  analyze  the  characteristic  length  of  silicon  germanium  quantum  well,  and  a  thermal 
model  is  also  applied  to  calculate  the  thermocouple  size  for  optimal  performance  by  matching  the  ther¬ 
mal/electrical  resistance.  Analysis  based  on  TSMC  0.35  jim  3P3M  (3-poly  and  3-metal  layers)  BiCMOS 
process  shows  that  the  maximum  power  factor  and  voltage  factor  of  a  pTEG  is  0.241  pA/V/cm2  K2  and 
10.442  V/cm2  K.  Design  implementation  validates  that  the  pTEG  with  60  p>m  x  4  p>m  quantum  well-like 
thermocouples  (0.05  p,m  Sio.gGeo.i  quantum  well  on  0.300  p,m  P-thermoleg  and  0.280  p,m  N-thermoleg) 
has  the  best  performance  compared  with  those  reported  in  the  literature. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Micro-thermoelectric  generators  (puTEG)  have  been  successfully 
developed  by  CMOS  process  [1-3],  where  silicon-based  design 
has  the  advantage  of  using  thin-film  process  in  semiconductor 
infrastructure  for  batch  production.  This  development  is  a  major 
improvement  over  the  previous  works  by  electrochemical  thick- 
film  deposition  of  V-VI  thermoelectric  compounds  [4]  and  by 
thin-film  deposition  of  polycrystalline  silicon/germanium  [5,6]. 
The  former  is  incompatible  to  CMOS  (Complementary  metal-oxide 
semiconductor)  process  while  the  latter’s  bonding  process  may 
jeopardize  process  stability. 

The  efficiency  of  thermoelectric  material  is  often  described  by 
a  dimensionless  number  called  the  figure-of-merit  ZT,  ZT  =  crS2T//<:, 
where  T  is  the  absolute  temperature,  o  and  k  are  the  electrical  and 
thermal  conductivity,  respectively,  and  S  is  the  Seebeck  coefficient. 
Material  with  high  ZT  is  desired  in  thermoelectric  generator  design; 
in  practice,  however,  it  is  difficult  to  increase  ZT  because  increas¬ 
ing  S  often  leads  to  simultaneous  decreasing  a  and  increasing  a  also 
leads  to  increasing  k  by  the  Wiedemann-Franz  law.  In  bulk  ther¬ 
moelectric  materials,  Bi2Te3  alloys  have  the  highest  ZT  at  about 
1.0  at  300  K  and  there  has  been  only  10%  increase  in  ZT  over  the 
three  decades  before  1990  because  the  change  of  one  parameter 
adversely  affects  the  other. 
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Hicks  and  Dresselhaus  [7]  renewed  the  interest  in  thermo¬ 
electric  materials  and  showed  that  ZT>2  can  be  achieved  by 
low-dimensional  semiconductors  such  as  quantum  well  and  quan¬ 
tum  wire  [8  ].  The  breakthrough  of  ZT  >  2.4  by  Venkatasubramanian 
et  al.  [9]  and  ZT>2.0  by  Harman  et  al.  [10]  and  Hsu  et  al.  [11]  have 
mainly  benefited  from  the  reduced  thermal  conductivity.  Even  with 
these  advances,  applications  of  low-dimensional  thermoelectric 
materials  and  their  integration  with  state-of-the-art  semiconduc¬ 
tor  process  have  not  been  explored  as  yet. 

2.  Quantum  well-like  layer  in  CMOS  process 

For  thermoelectric  materials  with  feature  size  (also  called  the 
characteristic  length)  a<  lOOnm,  the  quantum  confinement  effect 
and  spatial  confinement  effect  have  been  known  to  increase  the 
figure-of-merit  ZT.  The  former  eliminates  some  states  that  the 
electrons  can  occupy,  since  they  do  not  obey  the  boundary  condi¬ 
tions  of  electronic  wave  function.  The  latter  reduces  the  phonon 
relaxation  rate  and  lowers  the  thermal  transport  properties  of 
low-dimensional  materials.  In  quantum  wells,  the  electrons  are 
confined  to  move  in  two-dimension  so  that  the  electron  motion 
perpendicular  to  the  potential  barrier  is  quantized.  This  change  of 
the  energy  band  structure  and  electronic  density-of-states  (DOS) 
can  increase  the  asymmetry  between  the  hot/cold  electron  trans¬ 
port,  obtain  large  transport  energy,  and  increase  the  number  of 
carriers  in  the  materials,  thereby  achieving  higher  Seebeck  coeffi¬ 
cient.  In  addition,  thermal  conductivity  will  be  reduced  because  of 
the  phonon  scattering  at  the  interfaces,  and  the  phonon  dispersion 
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Nomenclature 

A  area 

a  characteristic  length  of  the  quantum  well 

d  depth  of  thermal  isolative  cavity 

e  electron  charge 

F  Fermi-Dirac  function 

Ti  Plank  constant 

I<  thermal  resistance 

k  thermal  conductivity 

/<b  Boltzmann  constant 

L  length  of  thermocouple 

m  effective  mass  component 

N  number  of  thermocouple 

P  specific  power 

R  electrical  resistance 

S  Seebeck  coefficient 

t  thickness 

T  temperature 

U  open-circuit  voltage 

W  width  of  thermocouple 

g  chemical  potential 

fi  mobility 

0P  power  factor 

0 u  voltage  factor 

r  relaxation  time 

subscript 

c  cold  side 

e  electron 

g  thermocouple 

h  hot  side 

n  N-thermoleg 

p  P-thermoleg 

ph  phonon 

x  x-direction 

y  y-direction 

int  interface 

ID  one-dimension 

2D  two-dimension 

3D  three-dimension 


mx  =  my  =  0.43m0  and  m0  =  9.1 09  x  1 0-31  kg,  fix  is  the  mobility  in  x- 
direction,  fix  =  ex\mx  =  1440  cm2/V/s,  r  is  the  relaxation  time,  and  a 
is  the  characteristic  length  of  the  quantum  well.  The  design  param¬ 
eter  a  provides  the  degree-of-freedom  for  better  thermoelectric 
properties  in  pTEG  design  by  CMOS  and/or  BiCMOS  process  in  stan¬ 
dard  IC  foundry. 

The  fabrication  process  of  silicon  germanium  (SiGe)  heterojunc¬ 
tion  bipolar  transistor  (HBT)  as  shown  in  Fig.  1(a)  is  employed 
in  the  design  of  quantum  well-like  thermocouples,  where  the  N- 
type  emitter  is  poly-silicon,  the  P-type  base  is  poly-SiGe,  and  the 
N-type  collector  (light  doping)  and  N-type  sub  collector  (heavy 
doping)  are  in  the  silicon  substrate.  An  FIBT  with  large  band-gap 
difference  and  valence  band-offset  in  BiCMOS  process  can  min¬ 
imize  the  undesired  electron  hole  being  injected  from  the  base 
to  the  emitter  so  as  to  achieve  higher  emitter  efficiency  and  cur¬ 
rent  gain.  The  Si0.gGe0.i  layer  in  the  HBT  base  is  selected  for 
analyzing  the  thermoelectric  properties.  Figs.  2  and  3  illustrate 
the  effect  of  the  characteristic  length  on  ID  (quantum  wire),  2D 
(quantum  well),  and  3D  (bulk)  materials’  thermoelectric  proper¬ 
ties  predicted  by  the  relaxation-time  model  [7].  In  both  ID  and  2D 
low-dimensional  materials,  the  decrease  of  characteristic  length  a 
significantly  increases  both  the  Seebeck  coefficient  and  electrical 
conductivity,  while  simultaneously  decreases  the  thermal  conduc¬ 
tivity.  The  increase  of  electron  conductivity  in  Fig.  2(a)  and  Seebeck 
coefficient  in  Fig.  2(b)  comes  mainly  from  the  quantum  confine¬ 
ment  of  carriers,  while  the  decrease  of  the  thermal  conductivity  in 
Fig.  3(a)  from  the  spatial  confinement  of  the  acoustic  phonons. 

With  the  progress  of  CMOS  in  deep  sub-micron  ranges  such  as 
45  nm  and  32  nm  processes,  SiGe  quantum  wire  structure  becomes 
feasible  by  defining  ultra-thin  layer  with  minimum  line  width. 
Judgments  on  using  quantum  well  or  quantum  wire  can  be  seen 
in  Fig.  3(b).  When  a  >  8  nm,  the  quantum  wire’s  ZT  becomes  lower 
due  to  the  aggressively  decreasing  carrier  mobility  outweighs  the 
decreasing  thermal  conductivity.  The  drop  in  carrier  mobility  at 
room  temperature  in  quantum  wires  can  also  be  explained  by 
increasing  electron  scattering  of  the  acoustic  phonons  due  to  spa¬ 
tial  confinement  as  shown  in  Fig.  2(a).  For  example,  the  electron 
mobility  in  Si  quantum  wire  is  decreased  from  120 cm2 /Vs  to  < 
15cm2 /Vs  when  its  radius  decreases  from  2.3 nm  to  1  nm  [13]. 
Consequently,  quantum  well  is  preferable  to  thermoelectric  appli¬ 
cations  in  the  range  of  a  >  8  nm.  SiGe  quantum  well  of  thickness 
from  20  nm  to  100  nm  as  often  seen  in  SiGe  base  can  be  uniformly 
grown  by  UHV-CVD  epitaxy  technique  [14]. 


and  group  velocities  are  also  changed  due  to  spatial  confinement 
by  the  boundaries  [12].  The  model  of  thermoelectric  properties 
is  based  on  the  relaxation-time  approximation  [7].  The  figure-of- 
merit  ZT  is  defined  by 


ZT  = 


S2crT 

ke  +  kph 


(1) 


where  ke  is  the  electronic  thermal  conductivity  and  kph  is  the 
phonon  thermal  conductivity.  For  two-dimension  (2D)  quantum 
well,  the  figure-of-merit  can  be  written  explicitly  by  [7] 


Z2dT  = 


_ Fq((2Fi/Fq)—  g2D)2 _ 

(\/(klTiix/27Taekph)(2kBT/h2)(mxmy)1/2)  +  3 F2  -  (4 F*/F0) 


(2) 

where  Ft  is  the  Fermi-Dirac  function,  F;  =  J°°x'dx/(e^x_? W  + 
1),  g2D  is  the  reduced  chemical  potentials  of  quantum  well, 
5'2D  =  (5'-(^2^2/2mxa2))//<BT,  g  is  the  chemical  potential  of  bulk 
material,  kB  is  Boltzmann  constant  (kB  =  1.381  x  1 0-23  J/K),  b 
is  Plank  constant  (Ti  =  1.055  x  10_34Js),  e  is  electron  charge 
(e  =  1 .602  x  1 0-19  C),  mx  and  my  are  the  effective  mass  components, 


3.  pTEG  with  quantum  well-like  thermocouples 

TSMC  0.35  |jim  BiCMOS  process  with  two  poly-silicon  layers,  one 
poly-SiGe  layer  and  three  metal  layers  (3P3M)  is  adopted  for  the 
fxTEG  design  in  this  work.  The  cross  section  shown  in  Fig.  1(b) 
consists  of  the  gate  poly-silicon  (GPOLY),  emitter  poly-silicon 
(EPOLY),  base  poly-SiGe  (BPOLY),  aluminum  (Ml -3),  inter-metal- 
oxide  (IMD1-2),  gate  oxide  (GOX),  field  oxide  (FOX),  metal  contact 
(CO),  and  metal  via  (Vial -2)  on  a  single  crystallized  silicon  sub¬ 
strate.  The  p/TEG  design  combining  conventional  in-plane  and 
cross-plane  design  is  illustrated  in  Fig.  4(a),  in  which  the  heat  input 
from  the  top  surface  is  confined  passing  through  in-plane  ther¬ 
molegs.  The  thermal  isolation  cavity  beneath  the  thermocouples  is 
to  minimize  heat  leakage  and  facilitate  better  thermoelectric  con¬ 
version  [2].  The  patterned  poly-silicon  and  poly-SiGe  thermolegs 
of  a  thermocouple  are  interconnected  by  aluminum  pads.  Fig.  4(b) 
illustrates  three  interconnected  thermocouples  with  the  cold  junc¬ 
tions  on  the  gate  oxide  layer  and  the  hot  junctions  on  the  field  oxide 
layer.  The  length,  width,  and  thickness  of  a  thermoleg  is  denoted 
by  Lg,  Wg,  and  tg  in  Fig.  4(c),  and  Ah  and  Ac  are  the  contact  area  of 
the  hot  and  cold  junctions,  respectively,  and  d  is  the  cavity  depth. 
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(a) 


N+  Poly-Si  Emitter  N+  Poly-Si  Gate 


Fig.  1.  (a)  Illustration  of  SiGe  structure  in  BiCMOS  process  for  producing  quantum  well-like  thermocouples  and  (b)  cross  section  of  the  TSMC  0.35  p,m  3P3M  SiGe  HBT  BiCMOS 
foundry  process. 


For  a  thermocouple  with  hot  and  cold  junction  temperature  Th 
and  Tc,  the  temperature  difference  A Tg  =  Th-Tc  generates  an  open- 
circuit  voltage  U0,  U0=SATg,  where  S  =  5p-5n  is  the  combined 
Seebeck  coefficient.  The  open-circuit  output  voltage  of  a  genera¬ 
tor  with  N  thermocouples  is  U0=NSATg.  The  thermal  model  [1,2] 
is  employed  to  simulate  a  generator  with  the  hot  side,  the  ther¬ 
mocouple,  and  the  cold  side  with  thermal  resistance  I<h,  I<g,  and 
I< c,  respectively.  Previous  works  have  been  plagued  by  undesirable 
Joule  heating  from  relative  large  Ohmic  resistance  and  by  negligi¬ 
ble  temperature  gradient  across  the  thermolegs  from  small  thermal 
resistance.  Optimal  design  of  the  thermoleg  geometry  for  higher 
output  power  and  voltage  is  thus  necessary.  The  thermal  and  elec¬ 
trical  resistances  are  determined  by  geometry  of  the  thermolegs, 


Ka=  T7 


1  Lg 


1 


1 


N  Wg  \  /Cptp  kn^n 


(3a) 


1  th 

2  NMh’ 


(3b) 


1  tc 
2 N  Me 


(3c) 


Rg=N-, 


(  P P  ,  Pn  A 

V  fp  fn  )  • 


(3d) 


where  L,  W,  t,  A,  I< ,  k,  and  p  is  length,  width,  thickness,  area,  ther¬ 
mal  resistance,  thermal  conductivity  and  electrical  resistivity,  and 
the  indices  p,  n,  g,  h,  c,  and  int  refer  to  P-thermoleg,  N-thermoleg, 
thermocouple,  hot  side,  cold  side,  and  interface,  respectively.  Note 
Kc  also  includes  the  interface  contact  resistance.  fxTEG  perfor¬ 
mance  is  known  strongly  dependent  on  the  thermal  resistance  of 
the  interfaces  during  energy  harvesting  [15].  Precise  estimation  of 
Kint  is  difficult,  and  the  metal-ceramic  interface  (1-20  cm2  K/W)  is 
assumed  in  the  simulations. 

Previous  works  in  thermoelectric  materials  [16]  with  the  defini¬ 
tion  of  power  factor  in  [  W/cm  I<2  ]  unit  emphasize  more  on  material 
property  (per  unit  length)  than  on  device  performance  (per  unit 
area.)  Recent  studies  in  energy  harvesters  have  adopted  the  power 
factor  and  voltage  factor  0p  =  P//\AT2  [W/cm2I<2]  and  <pu  =  UIAAT 
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Characteristic  length  (nm) 


Fig.  3.  (a)  Thermal  conductivity  (W/mK)  and  (b)  ZT  of  the  Sio.gGeo.i  quantum  well 
at  various  characteristic  lengths  a  (nm)  in  room  temperature. 


Fig.  2.  (a)  Electrical  conductivity  in  (S/m)  and  (b)  Seebeck  coefficient  (V/I<)  of 
Sio.gGeo.i  quantum  well  at  various  characteristic  lengths  a  (nm)  in  room  temper¬ 
ature. 

[V/cm2I<]  to  evaluate  the  generator  performance  per  unit  area 
[1,2,6].  In  view  of  the  thermal  isolation  cavity  design,  the  temper¬ 
ature  gradient  can  be  effectively  maintained  and  the  power  factor 
and  voltage  factor  are  similar  to  those  in  Refs.  [1,2], 


0p  — 


R* 


4AAT2N2S2 


1  1  or 

+2C2c°s 


1 

-arc  cos 


0u  = 


R< 


-g 


AATNS 


k~  i5+2C2C0S(5arcc0S(! 


<? l  + 


4tt 

IT 


4tt 


(4a) 


Sp  =  103  [xV/K,  pp  =  2.21  |x^m,  5n  =  -  57  fxV/K,  pn  =  0.813  m, 
kp  =  31 .2  W/mK,  kn  =  31 .5  W/mK,  the  thermal  conductivity  of  oxide 
on  the  hot  side  (thickness  0.290  pun),  /q  =  1.1  W/mK,  and  that 
of  the  silicon  substrate  on  the  cold  side  (thickness  650  fxm), 
Kc  =  1 68  W/mK.  Fig.  3(b)  illustrates  that  the  figure-of-merit  of  the 
SiGe  quantum  well-like  thermocouple  at  a  =  50nm  is  Z2dT  =  0.566 
at  300  K,  which  is  about  4.5  times  of  the  bulk  material  (Z3DT  =  0.1 25) 
in  the  same  figure,  and  it  is  much  higher  than  the  P-  and  N-poly-Si 
with  Z3DT  =  0.046  and  0.038  as  calculated  from  the  parameters 
listed  above.  It  is  thus  desirable  to  use  quantum  well-like  thermo¬ 
couple  in  pTEG  design.  Figs.  5  and  6  illustrate  the  power  factor  and 
voltage  factor  calculated  by  Eqs.  (4a)  and  (4b)  for  the  generator 
with  thermocouple  width  Wg  =  4  p,m  and  8  p,m.  Numerical  results 
indicate  that  the  pTEG  with  quantum  well-like  thermocouple 
of  50  p.m  x  4  p,m  has  the  largest  power  factor  0.241  pAV/cm2  I<2 
and  voltage  factor  10.442  V/cm2  K.  The  optimal  design  is  also  at 
60  p.m  x  8  p,m.  Longer  Lg  requires  wider  Wg  for  thermal/electrical 
resistance  matching. 


(4b) 

where  C,  =  (( 1  /Kc)  -  (1  /I<h ))(( 1  /K2 )  +  (2 /KcKh )  +  ( 1  /K2 )  + 

(4 /KgKh)  +  (4 /KgKc))  +  (2N2S2/Rg)((T0/K2)  -  (T,  -  T0/KcKh )  - 

(h/K2)),C2  =  y/OM)  +  (2/3KcKh)  +  (V«g)  +  (8/3Kg)((l/Jfc)  +  (1/Xh))  +  (4N2S2/3Rg)((T0/Kc)  +  (T-,  /Kh)), 


and  A  is  the  generator  area.  Consider  symmetric  design  using  TSMC 
0.35  p,m  BiCMOS  process  with  Lg  =  1-150  pm  and  Wg  =  l-10pJm. 
The  thin-film  layer  thickness  are  EPOLY  tp  =  0.300  pan,  GPOLY 
tn  =  0.280  p,m,  the  oxide  thickness  FOX  th  =  0.290  p,m  on  the  hot 
side  and  the  substrate  thickness  tc  =  650  p,m  on  the  cold  side.  The 
Si0.gGe0.i  quantum  well-like,  low-dimensional  material  BPOLY  is 
0.050  p,m  thickness  (characteristic  length  50  nm),  and  the  mate¬ 
rial  properties  of  poly-silicon  in  standard  BiCMOS  process  are: 


4.  Design  verification 

Fig.  7(a)  illustrates  the  layout  of  a  1500  pun  x  1500  pun  pTEG 
chip,  where  the  test  structures  located  around  the  perimeter  are 
to  measure  the  thermoelectric  properties  of  the  thin-film  lay- 
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(a) 


(b) 


Cold 

junction 


Hot 

junction  Cold 
junction 


quantum  well 
(EPOLY  on  BPOLY) 


N-type 

GPOLY 


Ah 

Fig.  4.  (a)  The  (jlTEG  design  with  co-planar  thermocouples  insulated  by  thermal  isolation  cavity,  (b)  the  thermocouples  connected  electrically  in  series  and  thermally  in 
parallel,  and  (c)  the  top  view  and  the  cross  section  of  the  pTEG  indicating  the  geometry  parameters  (not  to  scale). 


ers.  |jlTEG  of  various  thermocouple  sizes  is  listed  in  Table  1.  For 
post-processing  consideration,  the  pads  for  electrical  connection 
are  fabricated  by  patterning  the  top  metal  layer  into  squares  of 
1 00  |jim  x  1 00  |jim  with  1 0  |jim  trenches  around,  and  the  metal  layer 
M3  serves  as  the  etching  protection  for  the  structure  beneath. 
The  post-process  is  shown  in  Fig.  7(b),  where  the  quantum  well¬ 
like  thermocouples  are  deposited  and  patterned  by  CMOS  process, 
followed  by  vertical  Si02  etching  and  isotropic  Si  etching  using 
the  top  aluminum  layer  as  etching  mask.  Fig.  7(c)  illustrates  the 
SEM  photo  of  the  20  p,m  x  4  p,m  thermocouples,  and  they  are  pur¬ 
posely  damaged  to  examine  the  RIE  etching  of  the  10  [xm  thermal 
isolation  cavity  underneath  the  thermocouples.  The  width  of  the 
etch  windows  for  the  cavity  is  at  4|jim,  as  it  is  limited  by  the 
aspect  ratio  in  ICP  etching.  The  top  aluminum  layer  serves  as  the 
mask  in  post-processing  to  protect  the  thermocouple  from  ver¬ 
tical  etching  and  to  create  the  thermal  isolation  cavity.  The  GOX 
layer  serves  as  electrical  isolation  at  the  cold  junctions  to  prevent 
short-circuit  of  the  thermocouples  and  the  FOX  layer  as  the  protec¬ 
tion  of  the  thermolegs  during  isotropic  silicon  etching.  The  GPOLY 
layer  serves  as  the  N-thermolegs  and  the  EPOLY  +  BPOLY  layer  as 


P-thermolegs.  The  Ml  layer  serves  as  interconnections  of  ther¬ 
molegs,  while  the  M2  and  M3  layers  as  the  etching  masks  during 
post-process  and  they  stay  as  thermal  conductor  at  the  hot  junc¬ 
tions.  CO  and  Vial -2  layers  are  the  interconnections.  There  are  two 
challenges  in  improving  the  power  factor  of  quantum  well:  (1 )  any 
low-dimensional  structure  may  have  imbedded  barriers  [17]  which 
are  electrically  inactive  thus  reducing  the  performance  by  the  ther¬ 
mal  leakage  between  the  hot/cold  junctions  [18],  and  (2)  the  sharp 
features  in  quantum  well’s  density-of-state  disappear  quickly  upon 
material’s  non-uniformity.  In  p,TEG  design,  the  UHV-CVD  epitaxy 
technique  is  applied  to  produce  the  50  nm  Sio.gGeo.i  base  for  better 
uniformity. 

Performance  of  the  pTEG  chip  is  characterized  by  20  °C  temper¬ 
ature  difference  from  a  heating  wire  on  the  chip’s  top  surface  and  a 
cold  plate  with  thermal  conductive  gel  on  the  bottom  surface.  The 
experimental  setup  illustrated  in  Fig.  5(a)  is  similar  to  that  in  [2]. 
The  voltage  and  current  are  listed  in  Table  1 .  Kint  is  validated  exper¬ 
imentally  by  curve  fitting  the  simulation  results  in  Figs.  5  and  6,  and 
the  result  at  about  9  cm2  K/W  falls  within  the  metal-ceramic  inter¬ 
face  of  1-20  cm2  K/W.  The  measurements  show  that,  among  the 
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Fig.  5.  Power  factor  simulation  and  measurement  of  the  pTEG  with  quantum  well¬ 
like  thermocouples  at  different  thermoleg  length:  (a)  #1  -#5  with  Wg  =  4  pm  and  (b) 
#6-#10  with  Wg  =  8  pm. 


Fig.  6.  (a)  Voltage  factor  simulation  and  measurement  of  the  pTEG  with  quantum 
well-like  thermocouples  at  different  thermoleg  length:  (a)  #l-#5  with  Wg  =  4pm 
and  (b)  #6  -  #10  with  Wg  =  8  pm. 


Table  1 

Measurement  results  of  the  power  and  voltage  factors  of  the  pTEG  with  quantum 
well-like  thermocouples. 


pTEG 

LgxWg 

(pm) 

U 

(mV) 

I 

(pA) 

0p 

(pW/cm2  K2) 

(V/cm2  K) 

#1 

20x4 

10.5 

0.4 

0.0438 

4.375 

#2 

30x4 

17.1 

0.7 

0.1247 

7.125 

#3 

40x4 

21.6 

0.9 

0.2025 

9.000 

#4 

60x4 

24.1 

1.0 

0.2510 

10.042 

#5 

120x4 

20.9 

0.8 

0.1742 

8.708 

#6 

20x8 

6.4 

0.6 

0.0400 

2.667 

#7 

30x8 

10.4 

1.0 

0.1083 

4.333 

#8 

40x8 

12.9 

1.3 

0.1747 

5.375 

#9 

60x8 

15.3 

1.5 

0.2391 

6.375 

#10 

120x8 

12.5 

1.0 

0.1302 

5.208 

10  thermocouple  sizes,  60  |xm  x  4  [xm  has  the  largest  power  factor 
0.251  |xW/cm2  K2  and  voltage  factor  10.042  V/cm2  K.  The  effective 
size  of  a  thermocouple  pair  (60  [xm  x  4  |xm)  is  about  1 000  [xm2  and, 
with  20  °C  temperature  gradient,  the  power  harvested  is  about 
100  |xW/cm2.  The  thermal  resistance  of  a  single  thermocouple  is 
3.3  x  106  K/W  from  Eq.  (3a),  and  that  of  a  1  cm2  |xTEG  containing 
about  100,000  thermocouples  is  33  K/W.  This  thermal  resistance 
is  higher  than  that  in  Huesgen  et  al.  [6]  in  which  the  resistance  is 
1.555  K/W  for  the  120  x  40  x  0.7  |xm  (length  x  width  x  thickness) 
poly-silicon  thermocouples.  It  should  be  noted  that  the  perfor¬ 
mance  of  a  |xTEG  is  very  sensitive  to  the  contact  resistance  during 
measurement  and  to  the  thermal  resistance  within  the  thermocou¬ 
ples. 

Table  2  lists  the  power  factor  and  voltage  factor  compared  with 
the  |xTEGs  reported  in  the  literature,  where  significant  improve¬ 
ment  is  achieved  by  the  quantum  well-like  thermocouples.  The 


Table  2 

Comparison  of  the  CMOS  pTEGs  reported  in  the  literature. 


Prior  work 

CMOS  integrated? 

Thermoelectric  materials 

Power  factor  </>p  (pW/cm2  K2) 

Voltage  factor  </>v  (V/cm2  K) 

[1] 

Yes  (Modified) 

Poly-Si 

0.0426 

2.6 

Poly-SiGe 

0.0352 

2.2 

[2] 

Yes 

Poly-Si 

0.0417 

2.417 

[3] 

Yes 

Poly-Si 

0.0427 

3.417 

[6] 

No 

Al/poly-Si 

0.00363 

0.746 

BiTe 

0.00814 

2.38 

[18] 

No 

Al/Si 

0.091 

- 

[19] 

No 

Poly-SiGe 

0.0026 

12.5 

This  work 

Yes 

Poly-Si  +  SiGe 

0.251 

10.042 

S.M.  Yang  et  al  /  Sensors  and  Actuators  A  166  (2011)  117-124 


123 


Fig.  7.  (a)  Photomicrograph  of  the  (jlTEG  chip,  (b)  the  dry  etching  post-process,  first  by  ICP  for  Si02  vertical  etching  and  then  by  RIE  for  Si  isotropic  etching,  with  the  geometry 
parameters  (not  to  scale)  a:  width  of  the  etching  hole  (4  |jim),  b:  depth  of  ICP  Si02  etching  (4.43  pirn),  c:  undercut  of  RIE  silicon  etching  (5  pirn),  d:  depth  of  RIE  silicon  etching 
(10  |xm),  and  e:  thickness  of  the  top  metal  mask  (3.05  p.m),  and  (c)  SEM  photos  of  the  20  x  4  |xm  thermocouples  before  (left)  and  after  (right)  etching  post-process,  and  they 
are  purposely  damaged  to  examine  the  RIE  etching  of  the  10  p,m  thermal  isolation  cavity. 


first  thin-film  |jlTEG  was  developed  in  1999  in  which  the  thermo¬ 
couples,  each  of  500  pan  x  7  pan,  are  doped  silicon  and  aluminum 
to  generate  1.5  pAV  at  10°C  temperature  difference,  or  the  power 
factor  of  0.0091  pW/cm2I<2  [19].  The  power  factor  is  low,  the 
membrane  configuration  with  parallel  thermal  flow  is  impractical 
for  on-chip  thermal  harvesting,  and  it  is  not  CMOS  compati¬ 
ble  process.  Recent  designs  using  poly-silicon  |jlTEG  with  power 
factor  0.00363  pW/cm2  K2  [6]  and  another  using  poly-SiGe  with 
0.026  pW/cm2 1<2  [20]  are  at  least  an  order  smaller  than  this 
work.  Their  fabrication  using  wafer-bonding  can  be  low-yield  and 
unsuitable  for  batch  manufacturing.  A  CMOS  generator  using  poly¬ 
crystalline  silicon  (poly-Si)  and  polycrystalline  silicon  germanium 
(poly-SiGe)  thin-films  was  developed  in  [1],  in  which  the  ther¬ 
molegs  of  6  pm  width  and  18.5  p,m  length  delivers  a  power  factor 
of  0.00426  pW/cm2  K2.  The  power  factor  is  an  order  smaller  than 
this  work,  and  the  additional  etching  process  requires  a  modified 
CMOS  process  and  thus  may  jeopardize  the  process  stability.  A 
CMOS  pTEG  based  on  co-planar  thermocouple  design  has  improved 
the  power  factor  to  0.0417  pAV/cm2 1<2  [2]  and  the  most  recent 
CMOS  pTEG  design  based  on  stacked  poly-silicon  thermocouples 
can  deliver  0.0427  pW/cm2 1<2  [3].  This  work  based  on  quantum 
well-like  thermocouples  achieves  the  best  performance  and  it  is 


also  CMOS  compatible.  Devices  with  enhanced  thermoelectric  per¬ 
formance  by  using  low-dimensional  materials  are  promising  for 
energy  harvesting. 

5.  Conclusions 

(1)  CMOS-based  micro-thermoelectric  generators  (p,TEG)  have 
achieved  significant  progress  from  geometry-design  point  of 
view.  This  work  aims  at  improving  the  jxTEG  performance  from 
materal-design  point  of  view.  A  p,TEG  combining  the  conven¬ 
tional  in-plane  and  cross-plane  designs  is  adopted  so  that  the 
heat  flux  from  the  top  to  bottom  surface  is  confined  pass¬ 
ing  through  the  in-plane  thermocouples.  The  design  by  TSMC 
0.35  pan  BiCMOS  process  with  the  Si0.gGe0.i  thin-film  layer 
(50  nm)  has  low-dimensional  quantum  well-like  property  and 
achieves  better  performance.  The  process  has  two  poly-silicon 
layers,  one  poly-SiGe  layer  and  three  metal  layers  (3P3M). 
The  gate  oxide  GOX  layer  serves  as  electrical  isolation  at  the 
cold  junctions  to  prevent  short-circuit  of  the  thermocouples, 
and  the  field  oxide  FOX  layer  as  protection  of  the  thermolegs 
during  etching.  The  gate  poly-silicon  GPOLY  layer  serves  as 
the  N-thermolegs,  and  the  emitter  poly-silicon  (EPOLY)  and 
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the  base  poly-SiGe  (BPOLY)  layer  as  the  quantum  well-like 
P-thermolegs.  These  thin-films  are  deposited  and  patterned 
by  BiCMOS  process,  followed  by  the  post-process  procedures 
of  vertical  Si02  etching  and  isotropic  Si  etching.  A  thermal 
model  is  applied  to  analyze  the  optimal  thermocouple  size  by 
matching  their  thermal  and  electrical  resistance.  Experimen¬ 
tal  verification  shows  that  the  1500  [xm  x  1500  [xm  [xTEG  chip 
with  60  |xm  x  4  |xm  thermocouples  has  the  largest  power  fac¬ 
tor  0.251  [xW/cm2I<2  and  voltage  factor  10.042  V/cm2  K.  The 
design  achieves  superior  generator  performance  compared 
with  those  in  the  literature.  It  should  be  noted  that  the  per¬ 
formance  of  a  |xTEG  is  very  sensitive  to  the  contact  resistance 
during  measurement  and  to  the  thermal  resistance  within  the 
thermocouples. 

(2)  The  efficiency  of  thermoelectric  material  is  described  by  the 
dimensionless  figure-of-merit  ZT  =  <xS2T//q  and  the  challenge  is 
to  have  high  ZT  by  increasing  5  and  a  while  simultaneously 
decreasing  k.  The  quantum  confinement  effect  and  spatial  con¬ 
finement  effect  can  increase  ZT  significantly  by  higher  electrical 
conductivity  and  Seebeck  coefficient,  while  the  spatial  confine¬ 
ment  effect  by  the  phonons  scattered  at  the  boundaries  also 
reduces  the  thermal  conductivity.  A  relaxation-time  model  is 
applied  to  analyze  the  characteristic  length  of  the  Si0.gGe0.i 
quantum  well.  Analysis  shows  that  the  ZT  in  characteristic 
length  a  =  50  nm  is  Z2dT  =  0.566  at  300  K,  about  4.5  times  of  the 
bulk  material.  This  figure-of-merit  is  also  much  higher  than  the 
P-  and  N-poly-Si,  and  such  improvement  is  critical  to  |xTEG 
development. 

(3)  One  may  argue  that  the  multi-layer  thin-films  may  not  fall  in 
the  “classical”  definition  of  a  quantum  well  as  in  Refs.  [7-11], 
but  analysis  of  the  50  nm  SiGe  in  BiCMOS  process  did  show  bet¬ 
ter  performance  in  the  quantum  well-like  thermocouples.  Note 
that  further  study  is  required  to  validate  experimentally  the 
numerical  results  in  Figs.  2  and  3,  and  more  work  in  measuring 
the  Seebeck  coefficient,  electrical  and  thermal  conductivities 
at  different  temperature  may  be  necessary.  The  extension  of 
quantum  well  is  to  quantum  wires  and  quantum  dots  [21,22]. 
Though  numerical  studies  predict  even  higher  ZT  in  quantum 
wires  and  dots  due  to  additional  electron  confinement,  experi¬ 
mental  verifications  has  never  been  reported  as  yet  as  they  are 
even  more  challenging. 
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